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Abstract 
Statistical analysis is performed on the envelopes of ultrasonic backscattered signals from concentrated human leukemia cell 
pellet biophantoms. Two statistical distributions (Nakagami and Homodyned-K) are used to assess scatterer concentration. Seven 
concentrations ranging from 0.006 to 0.30 (corresponding to 3 to 250 scatterers per resolution cell at 25 and 35MHz) are 
considered. The values of the Nakagami parameter m increase with the number of scatterers per resolution cell but plateaus 
around 1 for concentrations greater than 0.03, while the Homodyned-K parameter Į continued to increase and does not plateau, 
even if the estimation is less precise. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 2015 ICU Metz. 
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1. Introduction 
Ultrasound tissue characterization has been developing for approximately three decades. Its purpose is to extract 
information on soft tissue characteristics, in particular the concentration and size of scatterers - tissue structures 
responsible for ultrasound scattering. Two main categories of methods have been established: some exploit the 
spectral content of the ultrasound signal - Lizzi et al. (1986), others the statistics of ultrasound speckle - Wagner et 
al. (1983). Recent clinical studies which apply Quantitative Ultrasound (QUS) in-vivo – Trop et al. (2014), show that 
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these methods do indeed have potential in aiding the diagnostic of pathologies that involve histological 
modifications (typically tumors). 
Statistical QUS approaches typically consist in fitting a specific distribution model to the observed distribution of 
the envelope-detected signals. Envelope statistics-based QUS parameters are obtained from the fit parameters, which 
provide a means of distinguishing between different tissue types - Mamou et al. (2010).While some of these 
parameters have in theory a monotonic dependence on the scatterer concentration, the inherent nature of the models 
will in some cases result in estimates being biased and/or showing high variability. In order to overcome some of the 
limitations, several distributions have been investigated (see Destrempes & Cloutier (2010) for a complete review of 
the statistic models for the envelope).  
Recently, several studies including Shankar et al. (2010), Mamou et al. (2010) have employed the Nakagami and 
Homodyned-K distributions for ultrasound tissue characterization. One feature shared by both distributions is the 
possibility to estimate a parameter that is proportional to the scatterer concentration. The Nakagami parameter m has 
the advantage of being easy to estimate and robust, but it saturates in a fully developed speckle regime, and is no 
longer able to discriminate between different densities. The Homodyned-K parameter Į, on the other hand, does not 
have the same theoretical limitations. Parameters of the Homodyned-K model also make it possible to separate the 
coherent and diffuse power components. There are also disadvantages, specifically the fact that the estimation 
techniques for the Homodyned-K are more complex, and the results show a high bias and variability for 
concentrated media. The aim of this study was to characterize concentrated cell pellet biophantoms mimicking 
densely packed cells in tumors, by using the two distributions. The results are compared in terms of discriminant 
power and precision.  
2. Statistical distributions used for modeling the backscattered signal 
2.1 The Nakagami distribution 
 
The Nakagami distribution is defined by the following probability distribution function:   
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     Its most characteristic parameter, m, describes the shape of the distribution and it is therefore also called shape 
parameter and, by some authors, simply the Nakagami parameter. Theoretical and applied studies demonstrated that 
m depends on the scatterer concentration per resolution cell. Classically, estimation is realized by the method of 
moments, but we prefer to perform it by integrating the maximum likelihood equations in a Newton-Raphson 
iteration, which delivers a less biased result, particularly for small values of m. The method of moments and 
maximum likelihood deliver the same results for the scale parameter Ω , which is equivalent to the total power (or 
mean intensity) of the signal. 
 2.2 The Homodyned-K distribution 
The expression of the Homodyned-K probability distribution function is: 
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     The parameter Į is analogous to the Nakagami parameter and its value increases as a function of the number of 
scatterers per resolution cell. The shape and size of the distribution are also influenced by the parameters ı and İ, 
with 2ı2Į being the diffuse signal power and İ2 the coherent signal power. Estimation of the three parameters is 
performed here using the algorithm described in Destrempes et al. (2013), which allows the estimation of three 
parameters using the mean value μ of the signal intensity I, and the U and X statistics of the signal amplitudes: 
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      The estimation problem is therefore formulated as: 
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3. Experimental data and equipment 
The backscattered signals from biophantoms were obtained from the experiments described in section III of 
Franceschini et al. (2014), which are briefly summarized here. Experimental data were acquired from concentrated 
cell pellet biophantoms that consisted of identical human leukemia K562 cells embedded in a plasma-thrombin 
supportive background with various whole cell concentrations ranging from 0.006 to 0.3. The mean whole cell size 
is 6.34 ± 0.94 ȝm. US measurements were acquired using a Vevo 770 high frequency ultrasound system 
(VisualSonics Inc., Toronto, Canada). Two single-element spherically-focused transducers (i.e., RMV710 and 
RMV703) were used to acquire RF data from each biophantom. The RMV710 and the RMV703 transducers had 
center frequencies of 25 and 35 MHz, focuses of 15 and 10 mm and f-numbers of 2.1 and 2.5, respectively.  For 
each phantom, acquisitions were performed at six different locations separated by 0.6 mm. 
4. Signal processing methods 
  Each ROI of size 0.75 mm (depth, centered at the focal point) x 1.5 mm (width) was preprocessed prior to the 
estimation of the envelope parameters. Specifically, RF data were compensated for attenuation effects. The 
measured attenuation coefficients Įatt for the cell pellet concentrations of 0.06, 0.12, 0.18, 0.24, and 0.30 are 0.0098, 
0.0184, 0.0215, 0.0202, and 0.0280 dB MHz-1 mm-1, respectively (see section III.C in Franceschini et al. (2014)). 
Point attenuation correction (Oelze and O’Brien (2002)) was applied to the power spectrum of each RF echo line, 
according to the equation:  
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for each depth d and frequency f . The attenuation of the intervening medium (water) was ignored. The compensated 
RF signals were then filtered in the 10-32 MHz bandwidth for the RMV 710 and 18-42 MHz bandwidth for the 
RMV 703 transducer. The filtered signals were envelope-detected and parameter estimation was performed as 
described in section 2.  
     We present the resulting parameters as a function of the scatterer concentration per resolution cell, which was 
considered to be an ellipsoid with diameters equal to the system resolution in each of the three dimensions. Thus, the 
estimated resolution cell volumes are 0.00071 mm3 for the RMV 710, and 0.00031 mm3 for the RMV 703. 
5. Results 
The estimated shape parameters for the two distributions are presented in Figure 1. As the theory predicts, the 
values of the Nakagami parameter m and the HK parameter Į to increase as a function of scatterer concentration per 
resolution cell. However, m saturates very rapidly around 1 (corresponding to a Rayleigh distribution) and does not 
discriminate between biophantoms when the number density is greater than around 15 scatterer/resolution cell (Fig. 
1b). On the other hand, Į continues to increase, but the estimation has a lower precision (Fig. 1c). Large variability 
for dense media corresponding to high values of Į can be explained by the Cramer Rao bound, which is also higher 
in this case, because the Fisher information available for the estimation of a particular value of Į is inversely 
proportional to its square.  
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Fig. 1. Estimated shape parameters for the two models as a function of the number of scatterers per resolution cell (a) Nakagami parameter m (b) 
Nakagami parameter m – zoom on low concentrations (c) Homodyned-K parameter Į  
 
As to the parameters that describe the distribution scale (Fig. 2), or the energy level in the signal, the Nakagami 
parameter ȍ (corresponding to the total power) shows an expected increase as a function of concentration, a peak 
value and then a decrease for very dense media where multiple scattering has a non-negligible effect. The 
Homodyned-K model allows the separation of the coherent component of the signal power, İ2, which increases with 
concentration and then appears to be constant for concentrations superior to 0.12. The effective diffuse power 2ı2Į 
follows a trend that is very similar to the one of the total power, and also constitutes the dominant component of the 
total power. 
 
Fig. 2. Signal power as a function of the number of scatterers per resolution cell, computed using the estimated scale parameters for the two 
models (a) mean power (Nakagami parameter ȍ) (b) coherent power (using Homodyned-K parameters: İ2) (c) diffuse power (using Homodyned-
K parameters: 2ı2Į)  
6. Conclusion and perspectives 
The use of the Nakagami distribution is limited to partially developed speckle regimes, whereas the Homodyned-
K distribution can offer supplementary information when dealing with fully developed speckle, which is the case of 
concentrated media (in this study, starting from a volume concentration of only 6%). For this reason, it could prove 
valuable for precise tissue characterization of tumors or blood. However, a more elaborate validation is required, on 
simulated ultrasound images and phantoms where scatterer concentrations can be precisely controlled. This is the 
object of an ongoing study in which we wish to assess the potential and limitations of the Homodyned-K model, in 
order to bring a practical contribution to the statistical analysis of ultrasound speckle.  
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